The horizontal distribution and temporal variation of bacterial indicators (total coliforms (TC), fecal coliforms (FC), enterococcus (EC) and Escherichia coli (E. coli)) were investigated to identify the proper bacterial indicators for a marine bathing beach in China. Two different sampling efforts were conducted during dry weather and two large rain events at Xinghai Bathing Beach in Dalian, China. 
INTRODUCTION
There is increasing concern regarding the dumping of urban and industrial wastewater into the sea owing to the high level of pathogenic and other polluting agents they contain and their potential consequences on both health and ecology. Gastrointestinal (GI) pathogenic organisms pose a great threat to water systems used for recreation. Numerous studies have demonstrated a relationship between fecal indicator bacteria (FIB) in marine beaches and swimmingrelated illnesses (Prüss ; Wade et al. ; US EPA ). Epidemiological studies of the health risks associated with recreational water have focused on the identification of water quality indicators that can effectively predict illness (Haile et al. ) . Monitoring of FIB in recreational water systems is used to assess the microbiological safety of water that swimmers come into contact with at such sites (He & He ) . The FIB concentrations of seawater have been used for decades to assess the risk of swimming-related illnesses (Colford et al. ) . Based on the epidemiological studies conducted to date, it is evident that no single indicator can predict illness consistently in all environments at all times. Because many beaches have multiple contamination sources, such as animal vs. human sources, the size of the contributing population depends on environmental contamination. Nevertheless, FIB levels in recreational water systems have been by far shown the most frequently correlated with GI illness in swimmers (US EPA ).
It is important to select adequate bacterial indicators and indicator levels that directly affect the results as standards to assess recreational water quality. Owing to differences in the regional characteristics of bacteria, different indicator bacteria and different indicator levels have been used as standards by water quality programs in different states, countries, and regions. However, there is no universal agreement regarding which indicator organism(s) is most useful owing to the effects of varying sampling collection times, locations, and rainfall. Samples collected at different times of the day and different locations can lead to significantly different levels because of a number of environmental factors, including radiation, rainfall, tide, and the presence of bathers (Enns et al. ; Zhang et al. ) .
This study was conducted to investigate the spatio-temporal variation and correlation of four bacterial indicators (total coliforms (TC), fecal coliforms (FC), enterococci (EC) and Escherichia coli (E. coli)) at Xinghai Bathing Beach in Dalian, China, to select the proper FIB and facilitate establishment of recreational water quality standards (WQSs) in China.
METHODS

Sample collection
Xinghai Bathing Beach of Dalian is located in Xinghai Park, Dalian, China. The area is chronically listed as one of the most polluted beaches in Dalian (www.dlemc.gov.cn/). Surface water samples were collected from a depth of 0.3 m on incoming waves. Spatial differences were evaluated by collecting samples from three water depths. Specifically, samples were collected from 50, 150, and 300 m away from the shoreline, corresponding to knee-depth (KD, Sites A1, A2, A3), waist-depth (WD, Sites B1, B2, B3), and chest-depth (CD, Sites C1, C2, C3), respectively. In addition, samples were collected from a reference site (site CS) located about 1,000 m from the shoreline, where few or no bathers were observed, and this site was considered too distant to have a consistent effect by human activity on water quality. In addition, samples were collected from a site (drain outlet, site DO) near fresh water outlets that drain land-based runoff to the ocean, this site was considered as the largest and most direct FIB source to Xinghai Bathing Beach (Figure 1 ). The parameters of sampling sites are shown in Table 1 . The spacing of different depth was designed to reflect variability that might arise between different monitoring stations in the same area in any given sampling date. About 200-mL seawater samples were collected in each site, which were packed in sterilized bottles and refrigerated during shipment. Water samples were transferred to the laboratory under cold storage and analyzed within 6 h. Temporal differences in water quality were evaluated by collecting samples at different times before and after rainfall over a 13-day period (9 August to 21 August 2011). The first 7 days corresponded to dry weather and the latter six to wet weather; accordingly, they were defined as before-rainfall and post-rainfall, respectively. In this study, post-rainfall was defined as the period between 0 and 72 h after a rainfall event of more than 20 mm. We collected samples at 9:00 a.m. and 3:00 p.m. before rain. There was an average of more than 20 mm of rainfall on 16 and 20 August; therefore, samples were collected seven times post-rainfall on each day at the site A2, B2, and C2. Samples were still only collected twice a day at site CS on these dates. Samples were placed into a 200 mL sterilized bottle and sent to the laboratory for measurement of TC, FC, EC, and E. coli within 24 h. Samples from site DO were only collected at 9:00 a.m. every day. The details of sampling time and rain are shown in Table 2 .
Microbial analysis
Upon collection, 3M Petrifilm test kit (3M Ltd, China) were used to enumerate TC, FC, and E. coli according to the manufacturer's instructions. Briefly, the top layer was lifted to expose the plating surface, and with a pipette, 1 mL of each water sample was aseptically added, then slowly rolled down the top film. Samples were incubated at 37.5 ± 0.5 W C for 24 h to measure TC and E. coli, or at 44.5 ± 0.5 W C for 24 h to measure FC. After the incubation period, colonies appeared either as splotches, spots which were surrounded by bubbles, or a combination of both. EC was analyzed by membrane filtration according to EPA method 1600 (US EPA ). Each sample was inoculated with three replicates.
Standards for the quality of recreational seawater
The results obtained as above were compared with the single sample standards. Specifically, the TC and FC values were compared with the Chinese standards (TC < 1,000 most probable number (MPN) or CFU/100 mL; FC < 200 MPN or CFU/100 mL) (Chinese GB 3097-1997), while EC and E. coli were compared with the US EPA standards (EC < 104 CFU/mL, E. coli < 235 MPN or CFU/100 mL) (US EPA ). 
RESULTS
Total coliforms, fecal coliforms, enterococci, and
Escherichia coli concentrations
A total of 325 water samples were collected and analyzed for TC, EC, FC, and E. coli. The ranges of the four bacterial indicators were considerably large and the concentrations varied by several orders-of-magnitude among organisms.
TC concentrations ranged from <100 CFU/100 mL to 10 5 CFU/100 mL, with the maximum concentration for TC being 100 times higher than the standard. At least 7% of the samples exceeded the single sample marine WQS of 1,000 CFU/100 mL for TC based on the Chinese standard (GB 3097-1997) .
FC concentrations ranged from no more than 10 CFU/ 100 mL to 28, 500 CFU/100 mL, and the maximum concentration for FC was 28 times higher than the standard. At least 28% of the samples exceeded the single sample marine WQS of 200 CFU/100 mL for FC based on the Chinese standard (GB 3097-1997) .
EC concentrations ranged from no more than 15 to 5,352 CFU/100 mL, and the maximum concentration for EC was 130 times higher than the standard. At least 38%
of the samples exceeded single sample marine WQS of 104 CFU/100 mL for EC as determined by EPA Method 1600 (US EPA ). EC levels were consistently higher in the supratidal sand than the intertidal sand and subtidal sand.
Escherichia coli concentrations ranged from no more than 100 to 6,200 CFU/100 mL. The maximum concentration of E. coli was 26 times higher than the standard, and at least 10% of the samples exceeded the single sample marine WQS of 235 CFU/100 mL for E. coli based on the US EPA standard (US EPA ).
The maximum concentration for all four bacterial indicators was detected near the drain (site DO), while the minimum concentration for all four bacterial indicators was observed at the control site (CS). All samples collected from CS contained bacteria at levels below the standards, except for one collected on 17 August at 9:00 a.m. (12 h after rainfall stopped), for which all four bacterial indicators exceeded the standards.
Spatial variation
The concentrations of all four bacterial indicators dif- Table 3 . As shown in Table 3 , the typical rates of standard failures of the four bacterial indicators at KD were comparatively higher than at other depths.
Comparison of microbial concentration and rate of standards failure before and after rainfall
Monitoring results showed that except for E. coli, the con- and 19 CFU/100 mL before rainfall. The rates of standards failure for all four indicator bacteria were higher postrainfall than before rainfall (p < 0.01) ( Table 4) . Indicator microbe concentrations were observed at the outlet, and all samples exceeded the standards by more than 100 times, regardless of whether they were collected pre-or post-rainfall. Total coliforms (/100 mL) 10 7 4
Fecal coliforms (/100 mL) 51 21 12
Enterococci (/100 mL) 58 36 23 E. coli (/100 mL) 13 8 2 Figure 3 | Concentration of TC, FC, EC and E. coli (MPN/100 mL) at each site during the 13-day period.
Correlation of all four bacterial indicators
The pointed that E. coli is intrinsically suitable as a regulatory parameter of public health significance for recreational fresh waters but not marine water. Besides, compared with before-rainfall, there was no obvious increase about the concentration and exceedance rate of E. coli on post-rainfall days. Therefore, EC but not E. coli was chosen as the FIB in this present study. However, EC and other indicators concentrations were less well correlated in our study before rainfall, and did not reflect the level of other indicators.
Therefore, it is necessary to use an additional bacterial indicator to evaluate fecal contamination. We recommend FC as the second indicator because it showed a higher failure rate than the other indicators and was significantly correlated with other indicators before (except for EC) and after rainfall. Currently, FC is the only indicator considered during routine monitoring of beaches used for swimming in China, which may neglect the risks associated with EC.
Accordingly, it is highly recommended that both EC and FC be used concurrently as indicators of fecal pollution during routine monitoring.
CONCLUSIONS
The present study investigated pollution based on fecal bacterial indicators, and the results revealed a significant increase after rainfall. In addition, the concentrations of bacteria differed significantly with distance from the shoreline, with KD near the shore exceeding the standard most frequently. Therefore, swimming in marine bathing beach 24 h after small rainfall events or 72 h after storm events is not recommended, especially near the shore. Based on the concentration of indicators and their exceedance rates, as well as the correlation between indicators, both enterococci and fecal coliforms should be evaluated at the same time in marine bathing beaches in China.
